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Conserved Roles for Slit and Robo Proteins
in Midline Commissural Axon Guidance
repulsive, that regulate midline guidance (Tessier-Lavigne
and Goodman, 1996). Two different populations of
interneurons have been described based on their guid-
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neurons project axons ipsilaterally, never crossing the1Howard Hughes Medical Institute
midline, whereas commissural neurons send axons con-Department of Biological Sciences
tralaterally, forming a commissure across the midlineStanford University
(hence their name). Commissural axons are initiallyStanford, California 94305
guided to the midline by attractive guidance cues, in-2 Howard Hughes Medical Institute
cluding netrins, but to cross the midline and move onDepartment of Anatomy
to the next leg of their trajectory, they must switch onDepartment of Biochemistry and Biophysics
repulsive responses to other midline guidance cuesThe University of California, San Francisco
once they have entered the midline. After crossing theSan Francisco, California 94143
midline, these axons then turn longitudinally, projecting3 Department of Molecular Biology and
parallel to the midline at specific lateral positions. ThePharmacology
same repellents that expel commissural axons out ofWashington University School of Medicine
the midline may also keep commissural axons from re-Saint Louis, Missouri 63110
crossing it.4 Division of Behaviour and Neurobiology
In Drosophila, the midline repellent that expels com-National Institute for Basic Biology
missural axons and prevents them from recrossing isMyodaiji-cho, Okazaki 444-8585
the ligand Slit, which mediates repulsive effects via re-Japan
ceptors of the Roundabout (Robo) family (Kidd et al.,5 Department of Molecular and Cell Biology
1998a, 1998b, 1999). When commissural axons growUniversity of California, Berkeley
toward the midline, Robo receptors are kept in intracel-Berkeley, California 94720
lular compartments away from the axon surface by the
Commissureless (Comm) protein (Keleman et al., 2002).
As the axons reach and cross the midline, the inhibitionSummary
of Robo by Comm is released, and Robo proteins are
now expressed at the cell surface of commissuralIn Drosophila, Slit at the midline activates Robo recep-
growth cones, causing them to sense the Slit repellenttors on commissural axons, thereby repelling them out
and hence expelling them from the midline (Kidd et al.,of the midline into distinct longitudinal tracts on the
1998b). It is the tight temporal and spatial regulation ofcontralateral side of the central nervous system. In
Robo expression that ensures that Slit functions onlythe vertebrate spinal cord, Robo1 and Robo2 are ex-
after commissural axons have crossed the midline. Fur-pressed by commissural neurons, whereas all three
thermore, a combinatorial code of Robo receptors con-Slit homologs are expressed at the ventral midline.
trols the lateral positions of commissural axons afterPrevious analysis of Slit1;Slit2 double mutant spinal
they have crossed the midline and turned longitudinally.cords failed to reveal a defect in commissural axon
Axons projecting most medially express only dRobo1,guidance. We report here that when all six Slit alleles
intermediate axons express both dRobo1 and dRobo3,are removed, many commissural axons fail to leave
and lateral axons express all three Robo receptors (Raja-the midline, while others recross it. In addition, Robo1
gopalan et al., 2000b; Simpson et al., 2000a).
and Robo2 single mutants show guidance defects that
Three mammalian Slit homologs (Slit1, Slit2, and Slit3)
reveal a role for these two receptors in guiding com- and three Robo homologs (Robo1, Robo2, and Rig-1)
missural axons to different positions within the ventral have been identified, with mRNA expression patterns
and lateral funiculi. These results demonstrate a key reminiscent of their Drosophila counterparts. The Slit
role for Slit/Robo signaling in midline commissural genes are expressed in the floor plate at the ventral
axon guidance in vertebrates. midline of the spinal cord, and Robo1 and 2 are in re-
gions that include commissural neuron cell bodies
Introduction (Brose et al., 1999; Itoh et al., 1998; Kidd et al., 1998a;
Li et al., 1999). Rig-1, a divergent member of the Robo
Cells at the midline of the central nervous system (CNS) family (Yuan et al., 1999), is also expressed in commis-
express many axon guidance cues, both attractive and sural neurons but has an unexpected function of antago-
nizing Slit responsiveness in precrossing axons, as dis-
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been shown that in vitro commissural axons are sensi-cisco, California 94080.
tive to repulsive actions of Slit2 only after they have9 Present address: Genentech Inc., 1 DNA Way, South San Francisco,
California 94080. crossed the floor plate (Zou et al., 2000). However, quite
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surprisingly in Slit1;Slit2 double mutant mice, although directly against L1 on transverse sections of E12.5 em-
bryos. Like TAG-1, L1 is expressed by commissural ax-the formation of several major forebrain tracts (cortico-
fugal, callosal, and the thalamocortical tracts) and the ons, but it is specifically upregulated once these axons
start to cross the floor plate (Dodd et al., 1988). Similar tooptic chiasm are defective (Bagri et al., 2002; Plump
et al., 2002), no obvious commissural axon guidance what we observed with TAG-1 antibodies, commissural
axons visualized by L1 immunohistochemistry appeardefects were observed in the spinal cord (Plump et al.,
2002). This lack of phenotype raised the possibility that disorganized as they grow through the floor plate in Slit
triple mutants. As well, more axons are stained by theSlit proteins might not, after all, be so important for
regulating crossing of the midline in the spinal cord. L1 antibody within the floor plate, presumably another
indication that the axons are stalling or recrossing (FiguresHowever, the lack of phenotype could also be attributed
to Slit3, which is also expressed by floor plate cells 2C and 2D). In mutant embryos, we routinely observed
axons projecting dorsally toward the ventral ventricular(Brose et al., 1999). Slit3 is required for diaphragm devel-
opment (Yuan et al., 2003), but its role in nervous system zone, which is clear of axonal projections in wild-type
animals (Figures 2E and 2F, arrowhead). A similar disor-development has not so far been defined.
As a first step toward determining the in vivo roles of ganization and dorsally projecting axons were observed
with an antibody to Neurofilament (NF-M), which labelsSlit proteins and Robo1 and Robo2 receptors in com-
missural axon guidance in vertebrates, we have gener- all axons (Figures 2A and 2B). Using the L1 antibody,
we also observed that the ventral funiculus still formsated mutant mice lacking Robo1, Robo2, or all three Slit
genes. Our results support a conserved role for these in the triple mutants, but the lateral funiculus appears
thinner than in wild-type, indicating that fewer axonsproteins in vertebrates, with Slit proteins helping expel
commissural axons out of the floor plate at least partly project dorsally after they have crossed the floor plate
(Figures 2C and 2D, arrow; quantified in Figure 2K). Curi-by activating Robo1. Robo1 and Robo2 also appear to
help specify the lateral positions of the longitudinal ously, L1 also appears to be expressed on the precross-
ing portions of some ventrally projecting axons as theytracts adopted by commissural axons as they grow to-
ward their final targets in the contralateral spinal cord. approach the floor plate (Figures 2D and 2F, asterisk),
from which it is normally excluded.
We also examined the expression patterns of the SlitResults
receptors Robo1 and Robo2 in the triple mutants. As
discussed in detail below, in control animals, Robo1Commissural Axon Guidance at the Floor Plate Is
expression starts to be upregulated after the axons haveDefective in Slit1;Slit2;Slit3 Triple Mutants
crossed the floor plate and entered the ventral funiculus,To investigate the role of Slit proteins at the floor plate
and there is little Robo1 expression within the floor platein commissural axon guidance, we generated Slit1;
(Figures 2G and 4A). In two Slit triple mutant embryosSlit2;Slit3 triple mutant mice by crossing Slit1/;Slit2/
that were studied, however, in contrast, high Robo1animals (Plump et al., 2002) to Slit3/ animals (Yuan et
expression was observed within the floor plate, and theal., 2003), and we performed TAG-1 immunostaining of
lateral funiculus appeared much thinner than in controls,E12.5 caudal spinal cord transverse sections from these
suggesting that commissural axons linger close to themice (Figure 1). TAG-1 labels commissural axons as they
floor plate. Inappropriate Robo1 expression was alsogrow ventrally and as they cross the floor plate, and it
seen on the precrossing portions of ventrally projectingstarts to be downregulated once these axons reach the
axons approaching the floor plate, similar to what wascontralateral side of the spinal cord, although some
seen for L1 (Figures 2H and 2J, asterisk). The patternTAG-1 immunostaining is observed medially in the ven-
of Robo2 immunostaining was altered in a similar waytral funiculus (Figure 1A; Dodd et al., 1988). Because
in the triple mutant, with higher expression in the floorof the mating strategy, there are no wild-type animals
plate and inappropriate expression of Robo2 on pre-among the littermates. However, extensive analysis has
crossing axons (data not shown). The expression pat-shown that Slit1/ embryos resemble wild-type animals
terns thus support further the finding with TAG-1 and L1at the level of commissural axon guidance (Plump et
immunohistochemistry of defects in commissural axonal., 2002). Thus, in this study, we used Slit1/ animals
guidance in the Slit triple mutants.as controls.
We also examined commissural axons in animals inIn both control and Slit triple mutant embryos, com-
which different numbers of Slit alleles had been re-missural axons project ventrally toward the floor plate.
moved. Commissural axons visualized by TAG-1 immuno-However, instead of forming a tightly bundled commis-
histochemistry in Slit1/;Slit2/ animals (Plump et al.,sure at the floor plate as in control embryos (Figures
2002), Slit1/;Slit3/ animals, and Slit1/;Slit2/;1A and A″), commissural axons in the Slit triple mutant
Slit3/ all appeared normal. However, Slit1/;Slit2/;are disorganized as they exit the floor plate and appear
Slit3/ animals showed some subtle defects, in that thedefasciculated (Figures 1F and F″). The TAG-1 signal
ventral commissure appeared thicker and the TAG-1in the ventral funiculus is largely absent (Figure 1F),
staining in the ventral funiculus appeared reduced (Fig-suggesting that fewer commissural axons exit the floor
ures 1B–1E).plate. Expression of the floor plate marker Netrin-1 ap-
peared normal in Slit triple mutants, suggesting that the
observed defects are not a result of altered floor plate Midline Stalling and Recrossing of Commissural
Axons in Slit Triple Mutant Embryoscell fate (data not shown) and instead reflect guid-
ance defects. Since this initial evaluation of commissural axon path-
finding was based on analysis of proteins that are highlyTo further characterize the phenotype at the floor
plate, we performed immunostaining using an antibody spatially regulated in commissural axons (with the ex-
Midline Guidance Defects in Slit Triple Mutants
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Figure 1. Commissural Axons Are Disorganized at the Floor Plate in Slit1;Slit2;Slit3 Triple Mutants
Visualization of commissural axons in transverse sections of control (A) or different combination of Slit1;Slit2;Slit3 knockout mutant spinal
cords (B–F). The number of embryos examined for each genotype is the same as in Figure 3 (see Figure 3M). In wild-type and mutant spinal
cords, TAG-1 labels commissural axons as they grow ventrally toward the floor plate and as they cross to the contralateral side. In E12.5
control animals, a tightly bundled commissure is formed at the floor plate (A); TAG-1 staining in the medial ventral funiculus is also seen
(arrowhead in A). In Slit1;Slit2;Slit3 triple mutants, commissural axons appear disorganized and defasciculated at the floor plate (F); TAG-1
staining in the ventral funiculus is absent (arrowhead in F; phenotype observed in every section though all nine embryos examined; see
Experimental Procedures for numbers of sections). Slit1/;Slit3/ animals (B), Slit1/;Slit2/ animals (C), and Slit1/;Slit2/;Slit3/ animals
(D) all appeared normal (n  3, 3, 10 embryos, respectively) while the ventral commissure sometimes appeared thicker and TAG-1 staining
at the ventral funiculus was sometimes reduced in Slit1/;Slit2/;Slit3/ animals (E) (phenotype seen in a subset of sections in 3 out of 6
embryos examined). (A) Confocal images of the floor plate in (A). (A″) Confocal image of another control animal, showing the floor plate area.
(F) Confocal image of the floor plate in (F). (F″) Floor plate of another Slit triple mutant. Scale bar equals 200 m in (A)–(F) and 40 m in (A),
(A″), (F), and (F″).
ception of NF-M), some of our observations could reflect animals showed a slight phenotype in that recrossing
axons were occasionally observed (Figure 3M). Our im-either a direct effect on axon guidance itself or misregu-
lation of marker expression. To directly examine axon munochemistry and DiI labeling results thus support a
significant role for Slit proteins in vivo in guiding commis-guidance defects, we anterogradely labeled commis-
sural axons by DiI injection in the dorsal part of an E12.5 sural axons out of the floor plate and in preventing com-
missural axons from recrossing the floor plate once theyspinal cord open-book preparation, which allowed us
to visualize the entire axon trajectory. As shown in Figure have crossed.
3, in control animals, commissural axons crossed the
floor plate in a well-organized fashion and turned ros- Robo1 and Robo2 Are Localized Primarily
to Postcrossing Commissural Axonstrally on the contralateral side of the spinal cord (Bovo-
lenta and Dodd, 1990); in only around 28% of the DiI To better understand the mechanisms by which Slits
act to influence commissural axon guidance across theinjections were axons observed stalled in the floor plate
(n  86) (Figures 3A–3C and 3M). In Slit1;Slit2;Slit3 triple floor plate, we characterized the expression of their cog-
nate receptors of the Robo family in the spinal cord. Asmutants, two highly penetrant phenotypes were ob-
served, and in most cases these phenotypes existed previously described, the mRNAs for both Robo1 and
Robo2 are found in overlapping populations of commis-simultaneously in any given axon cohort labeled with a
single DiI injection. First, many of the commissural axons sural neurons at a time when their axons are crossing
the floor plate (Brose et al., 1999). Robo2 appears towere stalled in the floor plate: stalling axons were ob-
served in 72% of the injections (n 186) (Figures 3E–3G be expressed by a distinct population of commissural
neurons whose cells bodies lie at more lateral positionsand 3M). Second, some commissural axons projected
across the floor plate, made a turn, and projected back in the spinal cord compared to Robo1 (Figures 4D and
4E). To determine where Robo1 and Robo2 proteins areto the ipsilateral side of the spinal cord, recrossing the
floor plate. This phenotype was observed in about one- localized in the developing spinal cord, antibodies were
generated against the extracellular domains of eitherfifth of the injections (n  186) (Figures 3I–3K and 3M),
whereas in control animals, recrossing was never seen receptor. These antibodies were then used to stain
transverse sections of E11.5 mouse spinal cords. Simi-(n  86). Note, however, that in mutant animals, there
are still axons that crossed the floor plate normally and larly to what is observed in Drosophila commissural ax-
ons (Kidd et al., 1998a), both Robo1 and Robo2 appearprojected longitudinally upon reaching the contralateral
side of the spinal cord (Figure 3G). Slit1/;Slit2/;Slit3/ to be localized primarily to the postcrossing portion of
Neuron
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Figure 2. Commissural Axons Are Disorga-
nized at the Floor Plate in Slit1;Slit2;Slit3 Tri-
ple Mutants, as Shown with Other Immuno-
staining Methods
(A and B) Neurofilament staining of E12.5
mouse spinal cord in transverse sections. In
Slit triple mutants (n  9 embryos), axons
project dorsally to the ventral ventricular zone
(arrowhead in B; phenotype observed in ev-
ery section of every embryo), which is clear
of axons in control animals (arrowhead in A).
(C and D) L1 immunostaining of E12.5 mouse
spinal cord in transverse sections. In Slit triple
mutants (D), the commissure at the floor plate
appears much thicker than in control animals
(C), and the lateral funiculus (arrow in D) ap-
pears thinner than in control animals (arrow
in C; quantified in K).
(E and F) L1 immunostaining of E12.5 mouse
spinal cord floor plate at a higher resolution.
Arrowhead shows mutant axons abnormally
growing toward the ventral ventricular zone
(seen in more than 80% of sections in 7 out of
9 embryos), which is clear of axons in control
animals. In mutants, L1 immunostaining is
observed in precrossing segments of ven-
trally projecting axons appoaching the floor
plate (asterisks in D and F).
(G and H) Robo1 immunostaining of E12.5
mouse spinal cord in transverse sections.
Robo1 staining is observed within the floor
plate of Slit triple mutant animals (observed in all sections in the two triple mutants that were examined), whereas in controls the floor plate
is clear of Robo1 antibody staining. The lateral funiculus appeared thinner than in controls (arrow in G and H).
(I and J) Robo1 immunostaining of the spinal cord floor plate at higher resolution. Robo1 immunostaining is also observed in precrossing
segments of some ventrally projecting axons in the Slit triple mutant (asterisks in H and J; seen in all sections of the two embryos).
(K) Quantification of the thinning of the lateral funiculus seen in (D). Quantification of area occupied by lateral funiculi (i.e., area expressing
L1 dorsal to the apex of the floor plate), relative to that of lateral and ventral funiculus (i.e., all L1-expressing areas).
Scale bar equals 200 m in (C), (D), (G), and (H) and 100 m in (A), (B), (E), (F), (I), and (J).
commissural axons (Figures 4A and 4B), although low http://www.neuron.org/cgi/content/full/42/2/213/
DC1). Additionally, the PLAP vector allows bicistroniclevels of protein are clearly observed precrossing. Inter-
expression of the PLAP reporter from the Robo1 pro-estingly, Robo1 and Robo2 appear to label overlapping
moter.but distinct regions of the ventral and lateral funiculi
ES cell colonies containing homologous integrants(Figures 4A, 4B, and 4F). This localization of Robo1 and
were screened using a 3 flanking probe (SupplementalRobo2 to the postcrossing portion of commissural ax-
Figure S1B at http://www.neuron.org/cgi/content/full/ons contrasts with the expression of TAG-1, a well-
42/2/213/DC1). These clones were used to generate chi-characterized marker of commissural axons as they
meric male mice that were then mated to CD-1 femalesgrow toward and through the floor plate (Figure 4C).
to generate germline transmissible Robo1-deficient
mice. Resulting heterozygotes were crossed to generate
Generation of Robo1 and Robo2 Mutants homozygous deficient mice, and the expected Mende-
To determine the role of Robo1 and Robo2 in guiding lian ratio was observed among wild-type, heterozygous,
commissural axons, we analyzed mice mutant for either and homozygous mutant mice. The homozygous defi-
of the two receptors. The generation of the Robo2 mu- cient animals are viable, fertile, and appear grossly nor-
tant mice was described in a separate study, which mal. RNase protection analysis using a probe directed
focused on a kidney malformation phenotype (Gries- against a 3 region of Robo1 confirmed that very little
hammer et al., 2004); as described there, the mutation Robo1 mRNA is expressed downstream of the inserted
is a null mutation. To generate a mutant allele of Robo1, PLAP cassette (Supplemental Figure S1C), consistent
we identified the region corresponding to the first intron with the absence of detectable Robo1 protein on the
of Robo1 on BAC clones from a 129 ES cell library (Incyte postcrossing axons (Figure 7C). Thus, the mutant allele
Genomics). We then targeted a PLAP secretory trap is likely to be a severe hypomorph.
vector, composed (in order from 5 to 3) of a splice
acceptor site, a transmembrane domain fused to -geo Robo1 Regulates Midline Crossing
(TM--geo), an internal ribosomal entry site (IRES), pla- TAG-1 immunohistochemistry revealed that commis-
cental alkaline phosphatase, and a PGK1 poly(A) tail, to sural axons behave normally as they extend ventrally
the third intron of Robo1 (Leighton et al., 2001). The toward and across the floor plate in E11.5 Robo1 mutant
Robo1 targeted allele generates a fusion protein be- spinal cords (Figure 5K). However, when labeling most
tween exon 3 and TM--geo that is trapped in an intra- of the axons in the developing neural tube using an anti-
NF-M antibody, axons were observed entering the dorsalcellular compartment (see Supplemental Figure S1A at
Midline Guidance Defects in Slit Triple Mutants
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Figure 3. Commissural Axons Stall at the Floor Plate and Recross It in Slit1;Slit2;Slit3 Triple Mutants
(A–C, E–G, and I–K) The lipophilic dye, DiI, was implanted into dorsal spinal cord of wild-type (A–C) and different combinations of Slit mutant
animal open-book preparations (number of embryos examined and number of injection sites per embryo are shown in M). Slit1;Slit2;Slit3 triple
mutants are shown in (E)–(G) and (I)–(K). In the wild-type spinal cord, commissural axons grow ventrally toward the floor plate, cross, and
turn longitudinally on the contralateral side of the spinal cord, although stalling axons in the floor plate are seen at low frequency (arrowhead
in C). In Slit1;Slit2;Slit3 triple mutant spinal cords, many commissural axons stall in the floor plate (arrowhead in E and F), while others recross
the floor plate (arrow in I–K); nevertheless, normal projecting axons are still seen in the triple mutants (G). Scale bar equals 100 m.
(D, H, and L) Schematic drawings of commissural axon projections at the floor plate in wild-type (D) and Slit triple mutants (H and L).
(M) Histograms documenting abnormalities in commissural axon guidance at the floor plate. Bars show percentage of injections where the
corresponding phenotypes (stall or recross) are observed.
floor plate and growing toward the ventral ventricular cones (arrowheads in Figure 6A). In the Robo1 mutant
floor plate, the stalled growth cones are large and sendzone, similar to the phenotype observed in Slit1;
Slit2;Slit3 triple mutant embryos (Figures 5A, 5B, 5D, 5E, out many filopodia (arrowheads in Figure 6B).
Once commissural axons exit the floor plate into the2B, and 2F). These axons were also labeled using the
L1 antibody but not the TAG-1 antibody, as was also contralateral spinal cord, they dramatically change di-
rection and course longitudinally in the ventral and lat-observed for the misplaced axons in the dorsal floor
plate in the Slit triple mutant (Figures 5G, 5H, 5J, and eral funiculi. Although most postcrossing commissural
axons initially grow adjacent to the floor plate, they rap-5K). At E12.5 when more commissural axons have
crossed the midline, NF-M-expressing dorsally ex- idly migrate away from the midline to adopt more dorso-
lateral positions within the contralateral spinal cord (Im-tending axons were no longer observed in the floor plate
of Robo1 mutants (data not shown), suggesting that the ondi and Kaprielian, 2001). In wild-type E11.5 spinal
cords, only a few commissural axons are observed inmisprojecting axons correct their errors or are elimi-
nated in the Robo1 mutants. Using DiI injections into the dorsal part of the lateral funiculus (Figures 7A and
7D). However, in Robo1 mutants, the lateral funiculus isthe dorsal spinal cord, we observed a large number of
stalled growth cones in the floor plate in Robo1 mutants significantly thicker compared to wild-type (Figures 7B
and 7E). This tendency for commissural axons to grow(Figures 6B and 6C). Although some stalled axons are
observed in the floor plates of control spinal cords, they further away from the floor plate in Robo1 mutant spinal
cords can be observed both in transverse sections (us-are seen in low numbers and usually exhibit thin growth
Neuron
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Figure 4. Robo Receptors Are Expressed in
Subsets of Commissural Neurons and Local-
ized to Distinct Portions of Their Axons
Expression of Robo1, Robo2, and TAG-1 pro-
tein on E11.5 commissural axons.
(A–C) Robo1 protein, although it is observed
at low levels in precrossing commissural ax-
ons (asterisks in A), is primarily localized to
axons coursing in the ventral funiculus (arrow
in A) as well as the lateral funiculus (arrow-
head in A) in the spinal cord. Robo2 protein
also appears to be primarily localized to ax-
ons in the lateral funiculus (B). Unlike Robo1,
Robo2 appears absent from the ventral funic-
ulus (arrow in B) and labels only a subset of
commissural axons that are found in more
dorsolateral positions (arrowhead in B). In
contrast, TAG-1 protein is primarily localized
to the precrossing portion of commissural ax-
ons (C) and, although it persists in the ventral
funiculus (arrow in C), it appears rapidly
downregulated in postcrossing axons and is
not observed in the lateral funiculus (arrow-
head in C).
(D and E) Expression of Robo1 and Robo2
mRNA at E11.5 in transverse sections of the mouse spinal cord. As previously reported (Brose et al., 1999), Robo1 mRNA is expressed dorsally
in regions corresponding to commissural and association neurons and ventrally in subpopulations of motor neurons in the E11.5 mouse spinal
cord (D). Robo2 mRNA is also expressed ventrally in the motor column as well as dorsolaterally in subsets of commissural and association
neurons (E). Robo1 and Robo2 signals overlap in the dorsolateral and parts of the ventral spinal cord, as was also observed by double
fluorescent in situ hybridization (data not shown).
(F) Spinal cord schematic summarizing the data described in the previous panels. Robo1-expressing axons (blue) originate from more medial
positions in the dorsal spinal cord, express low levels of Robo1 as they grow ventrally toward and across the floor plate, and adopt more
medial positions in the contralateral spinal cord. Robo2-expressing axons (green) originate from more lateral positions in the dorsal spinal
cord and project to more lateral positions in the contralateral spinal cord, at which time the Robo2 protein is upregulated.
Scale bar equals 200 m.
ing L1 immunohistochemistry or DiI labeling of commis- mice, as more axons seem to course in more medial
positions relative to the floor plate rather than moresural axons) as well as in the open-book configuration
(Supplemental Figures S2B and S3D–S3F at http:// lateral positions (Figures 7C and 7F). Labeling of com-
missural axons with DiI both in transverse sections andwww.neuron.org/cgi/content/full/42/2/213/DC1). To
determine the identity of the axons that could account in open-book spinal cords revealed the same phenotype
(Supplemental Figures S2C and S3G–S3I at http://www.for this phenotype, we stained E11.5 spinal cord trans-
verse sections from wild-type or Robo1 mutant embryos neuron.org/cgi/content/full/42/2/213/DC1): in E12.5
Robo2 mutant spinal cords, commissural axons remainwith the Robo2 antibody. This analysis revealed that
Robo2-positive axons appear to account for the in- tightly apposed to the floor plate once they have entered
the contralateral neural tube and fail, for the most part,creased density observed in the lateral funiculus (Figure
7E). The expression of Robo2 mRNA in the spinal cord to move to more dorsal longitudinal tracts in the lateral
funiculus. The expression of Robo1 and Rig1 mRNAsof Robo1 mutants was not changed compared to wild-
type embryos (Supplemental Figure S4), consistent with was not apparently changed in the Robo2 mutants in
transverse sections at E11.5 (data not shown).the notion that the alteration in Robo2 protein expres-
sion reflects misguidance of axons that normally ex-
press Robo2 rather than de novo expression by inappro- Discussion
priate neurons.
In the journey to their final targets, commissural axons
are initially guided by attractive guidance cues to anRobo2 Controls the Extension of Commissural
Axons away from the Floor Plate intermediate target, the floor plate of the spinal cord.
Upon reaching it, these axons switch on responsivenessin the Contralateral Neural Tube
Although no phenotype was observed in the Robo2 mu- to midline repellents and switch off sensitivity to the
attractants, which helps move them on to the next legtant commissural axons as they extend toward and
across the floor plate, we noted that the pattern of TAG-1 of their trajectory. We have provided evidence that Slit
proteins expressed by the floor plate are required toexpression is truncated in the ventral funiculus of E11.5
Robo2 mutant spinal cords (Figure 5L), similar to what repel commissural axons away from their intermediate
target at the ventral midline into longitudinal tracts inis observed in the Slit1/;Slit2/;Slit3/ triple mutant
(Figure 1F). To further characterize the effect of remov- the contralateral spinal cord. Due to the redundancy of
the three vertebrate Slit homologs expressed at the flooring Robo2 on the extension of the ventral and lateral
funiculi, we turned to L1 immunostaining. Similar to what plate, all six Slit alleles must be disrupted for a strong
phenotype to be apparent. We have also shown that thewe observed with TAG-1 immunohistochemistry, the lat-
eral funiculus appears foreshortened in Robo2 mutant vertebrate Robo receptors, Robo1 and Robo2, regulate
Midline Guidance Defects in Slit Triple Mutants
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Figure 5. Misguided Axons Are Observed in
the Floor Plate of Robo1 Mutant but Not
Robo2 Mutant Mice at E11.5
The anti-Neurofilament antibody (2H3) labels
more axons in the spinal cord. In wild-type
animals, it labels a well-organized, compact
fascicle under the floor plate (A and D). In
Robo1 mutant animals (n  4 embryos, phe-
notype seen in more than 90% of the sec-
tions), axons are observed invading the dor-
sal floor plate (B and E). These misprojecting
axons are absent from adjacent sections la-
beled with the TAG-1 antibody (K), which la-
bels commissural axons as they grow toward
and through the floor plate. In adjacent trans-
verse sections stained with anti-L1 antibody,
the dorsally projecting axons could also be
visualized (H). L1 labels commissural axons
only once they have entered the floor plate.
No dorsally projecting axons are observed in
the floor plate of Robo2 mutant animals (n 
4 embryos) with either Neurofilament (A and
F), L1 (I), or TAG-1 (L) immunohistochemistry.
Scale bars equal 200 m in (A)–(C) and 40 m
in (D)–(L).
midline crossing and are required for commissural ax- chemistry are due partly or entirely to commissural axon
guidance defects. We cannot rule out the possibility thatons to grow in the proper longitudinal tract within the
ventral and lateral funiculi in the contralateral spinal some misguided axons observed in transverse sections
in the floor plate of Slit1;Slit2;Slit3 triple mutants arecord.
association axons that are inappropriately crossing the
floor plate. That possibility would, however, still be con-Slits Regulate Midline Crossing
in the Vertebrate Spinal Cord sistent with a repulsive role for midline Slit proteins.
Interestingly, both L1 and Robo1 also appear to beAnalysis of the Slit triple mutant by TAG-1 immunohisto-
chemistry revealed that the ventral commissure is defas- misregulated in Slit triple mutants, since commissural
axons express both of these proteins on their precross-ciculated and disorganized and that the TAG-1 signal
normally observed in the medial part of the ventral funic- ing portions, prior to entering the floor plate (Figures
2D, 2F, and 2J, asterisks). The reason for this alteredulus is absent (Figures 1F, 1F, and 1F″). This suggests
that TAG-1-positive commissural axons are stalled in- expression is unclear, but it will be interesting to deter-
mine whether Slits are involved in preventing the diffu-side the floor plate and that few of them are reaching
the contralateral side and turning to project longitudi- sion of Robo1 and L1 protein back up the precrossing
axon, e.g., by binding and trapping one or more of them.nally. To better characterize the behavior of commis-
sural axons after they have crossed the floor plate, we Since there is aberrant expression of these two proteins
on the precrossing axon, it was, however, necessary toused an anti-L1 antibody, which normally labels com-
missural axons primarily only after they have entered the consider the possibility that the stalled and recrossing
axons observed in the Slit1;Slit2;Slit3 triple mutants arefloor plate. In Slit1;Slit2;Slit3 triple mutants, L1-positive
axons are observed projecting dorsally in the floor plate. simply a secondary consequence of L1 and Robo1 mis-
regulation. We believe, however, that this is unlikely,These wandering axons are also observed with an anti-
body directed against NF-M, but very few express TAG-1. because L1 and Robo1 misregulation is also consis-
tently observed in embryos that continue to expressThese results suggest that the axons observed in the
dorsal floor plate of triple mutants in transverse sections some Slit alleles (i.e., Slit1/;Slit2/;Slit3/ embryos)
(data not shown), yet animals with these genotypes domight be stalled or recrossing commissural axons that
have begun to downregulate TAG-1 and upregulate L1. not exhibit defects in commissural axon guidance as
assessed by DiI injection (data not shown).Consistent with this interpretation, when we per-
formed anterograde DiI injections in the dorsal spinal In the same vein, since L1 and Robo1 expression are
misregulated in the Slit triple mutants, it was necessarycord to trace commissural axon trajectories directly, we
observed large numbers of stalled axons inside the floor to consider the possibility that the altered TAG-1 pattern
at the midline in the triple mutant reflected in part aplate. Other commissural axons were seen growing back
to the ipsilateral side of the spinal cord after having misregulation of TAG-1 surface expression by commis-
sural axons. We cannot, in fact, exclude that such mis-reached the contralateral side, or even looping back
once they had already entered the floor plate. This re- regulation contributes to the “stalled” appearance seen
in cross-sections. However, that significant stalling andcrossing phenotype was never seen in controls or in
any other mutants characterized before. These results recrossing do occur in the triple mutant is established
by the DiI injection studies. It is thus reasonable to as-suggest that the mutant phenotypes we see by immuno-
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Robo1 and Robo2 Are Required for Commissural
Axons to Navigate beyond the Floor Plate
Based on genetic studies in Drosophila and C. elegans
and biochemical studies in vertebrates, receptors of the
Robo family have been implicated in sensing Slit ligands
as repellents (Kidd et al., 1998a; Stein and Tessier-Lavigne,
2001; Zallen et al., 1998). In vertebrates, several such
receptors have been identified: Robo1, Robo2, and Rig-1
(Brose et al., 1999; Yuan et al., 1999). In a companion
paper appearing in Cell, we provide evidence that Rig-1
functions as an inhibitor of Slit responsiveness in com-
missural axons prior to crossing the floor plate (Sabatier
et al., 2004). Since both Robo1 and Robo2 are also
expressed by commissural neurons in the developing
spinal cord, they are the primary candidate receptors
for mediating repulsion by midline Slit proteins. Such a
role is supported by the localization of both Robo1 and
Robo2 to the postcrossing portion of commissural ax-
ons. Antibodies directed against the Robo1 extracellular
domain appear to label both the ventral and lateral funi-
culi, in which commissural axons course longitudinally
toward their final targets in the brain. Interestingly,
Robo2-positive axons are found primarily in the lateral
funiculus. Although some of these may be the axons
of association neurons, it appears that many Robo2-
expressing axons are commissural, as assessed by ex-
pression of the LacZ reporter in the ventral commissure
under the floor plate when expressed from the Robo2
locus in Robo2 heterozygous animals (Supplemental
Figure S5 at http://www.neuron.org/cgi/content/full/42/
2/213/DC1).
Based on the hypothesis that Robo receptors are re-
quired to expel commissural axons out of the floor plate
once they have crossed, we would predict that Robo
mutants, like Slit triple mutants, would exhibit stalling
Figure 6. An Increased Number of Stalled Axons Is Observed in the or recrossing phenotypes. Indeed, in transverse sec-
Floor Plate of Robo1 Mutant Mice at E11.5 tions of E11.5 Robo1 mutant embryos (Figure 5E), as in
The lipophilic dye, DiI, was used to label commissural axons in E11.5 the Slit triple mutants (Figure 2F), L1-positive but TAG-1-
spinal cord open-book preparations. At this age, not all commissural negative axons are observed growing aberrantly into
axons have crossed the floor plate; however, only a few growth the dorsal region of the floor plate. As for the Slit triple
cones are observed stalled in the floor plate (arrowheads in A) as
mutant, the fact that these wandering axons express L1determined in a z-series of the floor plate taken by confocal micros-
but not TAG-1 suggests that these might be stalled orcopy. However, in Robo1 mutant animals, many more stalled growth
recrossing commissural axons. This conclusion is fur-cones are observed in the floor plate as visualized in individual
stacks of the z-series (arrowheads in B), and these growth cones ther strengthened by DiI analysis, which revealed an
tend to be much more complex than what is typically observed in increased number of stalled axons in the floor plate of
wild-type. These results are quantified in C (n  4 embryos of each Robo1 mutant E11.5 embryos (Figure 6), similar to but
genotype, over 20 injections were performed per animal). Whereas less penetrant than the stalling observed in Slit triple
very few injections in wild-type or Robo1/ spinal cords reveal more
mutants. These results support a model in which Slitthan five stalled growth cones in the floor plate, many more are
proteins in the floor plate mediate repulsion of commis-observed in Robo1 mutant spinal cords. Scale bar equals 20 m.
sural axons at least partly through the receptor Robo1.
Along with errors within the floor plate, Robo1 mutants
exhibit an enlarged lateral funiculus (Figures 7B and 7E),
sume that the altered TAG-1 expression pattern reflects apparently due to commissural axons growing further
partly (and perhaps largely) a change in the projection away from the floor plate in the contralateral spinal cord
patterns of the axons. (Supplemental Figures S3D–S3F at http://www.neuron.
In summary, despite our observation of an interesting org/cgi/content/full/42/2/213/DC1). At first glance, this
disruption in the pattern of L1 and Robo1 expression in phenotype might appear to contradict a role for Robo1
Slit triple mutants and the fact that we cannot exclude in sensing midline Slits as repellents. However, there
that TAG-1 expression is not also altered in these mu- needn’t be a contradiction, if we assume that Robo1
tants, our data provide overwhelming evidence of signifi- and Robo2 are both repellent receptors, but position
cant disruptions in commissural axon midline crossing within the lateral funiculus is determined by the following
in the triple mutants that are consistent with a key role rules: (1) axons expressing just Robo1 are positioned
of Slit proteins in expelling commissural axons from more medially and ventrally (closer to the floor plate);
(2) axons expressing just Robo2 are located in the mostthe midline.
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Figure 7. Altered Projection of Commissural
Axons into the Lateral and Ventral Funiculi in
Robo1 and Robo2 Mutant Spinal Cords
(A–F) Analysis of ventral funiculus extension
through L1 (green, A–F), Robo1 (red, A–C),
and Robo2 (red, D–F) immunostaining of E11.5
wild-type, Robo1/, or Robo2/ mouse spinal
cord transverse sections. In wild-type ani-
mals, anti-L1 antibody labels commissural
axons once they have crossed the floor plate
and are growing longitudinally in the ventral
and lateral funiculi (A and D). Similar to L1
immunostaining, an antibody directed against
the ectodomain of Robo1 also labels both the
ventral and lateral funiculi (A). However, an
antibody against Robo2 labels primarily the
lateral funiculus (D). In wild-type E11.5 spinal
cords, the lateral funiculus extends dorsally
to roughly the dorsal/ventral half of the spinal
cord (arrow in A and D). In Robo1 mutant
embryos, more axons appear to grow longitu-
dinally in the lateral funiculus (B and E), as
represented by an increased density in L1-
positive signal at the dorsal/ventral midpoint
(arrow in B and E). Interestingly, all the axons
growing in the lateral funiculus of Robo1 mu-
tant animals appear to be Robo2 positive (E).
It should be noted that the anti-Robo1 anti-
body appears to recognize the fusion protein
containing part of the extracellular domain of
Robo1 fused to -geo (see Supplemental
Figure S1 at http://www.neuron.org/cgi/
content/full/42/2/213/DC1) generated in the
Robo1 mutants. This fusion protein is trapped
in the endoplasmic reticulum of Robo1-
expressing cells (B). In Robo2 mutant em-
bryos, commissural axons appear to remain
more medial (C and F) and the lateral funiculus appears foreshortened as assessed by L1 (arrow in C and F) and Robo1 immunostaining (C).
Scale bar equals 200 m.
(G) Quantification of area occupied by lateral funiculus (i.e., area expressing L1 dorsal to the apex of the floor plate), relative to that of the
spinal cord, for four embryos of each genotype. Number of sections examined is shown in parentheses in each bar.
dorsolateral positions in the lateral funiculus; and (3) assessed by L1 and NF-M immunohistochemistry or by
DiI in E12.5 open-book spinal cords. This observationaxons co-expressing the two receptors (which are pre-
dicted to be present, since some cells appear to coex- may indicate that commissural axons that only express
Robo2 tend to fasciculate with pioneer, Robo1-express-press mRNAs for the two Robos) (Figures 4D and 4E)
are found in between these two extreme positions (see ing commissural axons in order to cross the floor plate.
This hypothesis is further supported by the cell non-Figure 4 legend). This model is consistent with the immu-
nohistochemical data, which shows regions enriched in autonomous effects of the Rig-1 mutation on Robo2-
expressing commissural axons, which fail to cross theRobo1 compared to Robo2 next to the floor plate and
areas enriched in Robo2 compared to Robo1 in the floor plate in Rig-1 mutants despite not expressing Rig-1
normally (see discussion in Sabatier et al., 2004).dorsolateral-most positions. It also predicts that re-
moval of Robo1 would cause the population that nor- The localization of both Robo1 and Robo2 proteins
is loosely reminiscent of what has been described inmally only expresses Robo1 to stay closer to the floor
plate, but the population that normally expresses both Drosophila where commissural axons have been shown
to grow along distinct longitudinal tracks after they haveRobo1 and Robo2, which now would express only
Robo2, would then project further dorsally, providing an crossed the midline. DRobo is expressed by axons in
all longitudinal tracks. However, dRobo3 and dRobo2explanation for the dorsal shift observed in the Robo1
knockout. Consistent with this interpretation, the axons are expressed in progressively more lateral populations
in distinct but overlapping domains. It has been specu-in the lateral funiculus in the Robo1 mutant express
Robo2. Also consistent with this hypothesis, when lated that the lack of two motifs (CC2 and CC3) in the
cytoplasmic domains of dRobo2 and dRobo3 causeRobo2 is mutated, the lateral funiculus is truncated and
commissural axons generally adopt more medial posi- these receptors to be more sensitive to a Slit gradient.
This is consistent with the robo2 and robo3 single mu-tions in the contralateral spinal cord relative to the floor
plate as assessed by both L1 expression and DiI injec- tant phenotypes, in which axons remain closer to the
midline as they grow longitudinally (Rajagopalan et al.,tion (Figures 7C and 7F and Supplemental Figure S3).
Interestingly, commissural axons do not appear to be 2000a, 2000b; Simpson et al., 2000a, 2000b). In verte-
brates, Robo2 lacks the CC3 motif and is also localizedmisguided within the floor plate of Robo2 mutants, as
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to more lateral positions relative to the floor plate, and been described in Drosophila, in which the removal of
Slit leads to the collapse of both commissurally andwhen Robo2 is removed, commissural axons generally
tend to stay closer to the floor plate, consistent with longitudinally projecting axons into the ventral midline.
This result suggests that in vertebrates, other repulsionthe hypothesis that in wild-type animals Robo2 drives
commissural axons farther away from the floor plate systems beside Slit/Robo are involved in guiding com-
missural axons out of the floor plate and beyond. Onethan does Robo1.
likely system is provided by Semaphorins acting through
Neuropilin receptors. Whereas in Drosophila Semapho-More Slit Receptors in Addition
rins are not required for commissural axon guidanceto Robo1 and Robo2?
in the CNS (Yu et al., 1998), in vertebrates Sema3B isCommissural axon guidance phenotypes observed in
expressed by floor plate cells and has been implicatedthe Slit1;Slit2;Slit3 triple mutant embryos appear to be
in expelling postcrossing commissural axons from thea combination of the phenotypes observed in the Robo1
midline via Neuropilin-2 (Zou et al., 2000). Eph/Ephrinand Robo2 single mutants, but with an increased sever-
signaling may also contribute to guiding postcrossingity. Indeed, stalled axons are observed in the floor plates
axons, since several EphrinB proteins are expressed inof both Robo1 and Slit1;Slit2;Slit3 triple mutants and a
the floor plate and dorsal spinal cord, and B class Ephtruncated lateral funiculus is observed in both Robo2
receptors are expressed in the postcrossing segment ofand Slit1;Slit2;Slit3 triple mutants. However, axons re-
commissural axons (Imondi et al., 2000). Despite this ap-crossing the floor plate are observed only in the
parent redundancy between distinct repellent systems inSlit1;Slit2;Slit3 triple mutants, not in either Robo single
the floor plate, removal of the Slit proteins is sufficient tomutants. The similarity of phenotypes between the Slit
severely disrupt midline axon guidance. The commissuralmutants and that of their receptors indicates that, in
axon phenotypes observed in the Slit triple mutant willvivo, Robos most likely mediate, at least partly, the re-
serve as a useful baseline with which to compare futuresponse to Slit repellents in the floor plate.
mutants where multiple repellent systems have been inac-However, several pieces of evidence indicate that
tivated. These studies will be required to characterize thethere may be other receptors responsible for sensing
relative roles of each guidance system in directing com-Slits as repellents. First, since a large number of com-
missural axons to leave the floor plate.missural axons express only Robo1, we would expect
the Robo1 single mutant to have a more severe pheno-
type than what we observe. Second, studies of the Rig-1 Experimental Procedures
phenotype have shown that in that mutant background,
Generation of Robo1-Deficient Micecommissural axons inappropriately become sensitive to
We used a Robo1-specific cDNA probe to screen a BAC librarySlits prior to crossing the floor plate (see Sabatier et al.,
(Incyte Genomics) and isolate genomic DNA containing portions of2004, in Cell). Although Robo1 is the only Robo receptor
the Robo1 gene. BAC DNA was then used to generate the targeting
co-expressed in Rig-1-positive commissural axons, vectors shown in Supplemental Figure S1A (http://www.neuron.org/
crossing of the midline is not recovered to wild-type cgi/content/full/42/2/213/DC1) using standard recombinant DNA
techniques. Southern blot and RNase protection assays were per-levels in Robo1;Rig-1 double mutant embryos, again
formed using standard techniques. To identify targeting events, ge-suggesting that Rig-1-expressing commissural axons
nomic DNA was digested with HindIII and hybridized with a DNAco-express another Slit receptor (Sabatier et al., 2004).
probe external to the targeting vector as noted in the targetingTogether, these results suggest that there is likely to be
figures. ES cell culture and generation of mice was carried out as
another Slit receptor, although the precise contribution previously described (Mombaerts et al., 1996). For genotyping, a
of this putative receptor to guidance can be determined PCR-based screen was developed: a forward primer common to
both wild-type and mutant alleles 5-TGGCACGAAGGTATATGTGC-only by analysis of Robo1/;Robo2/ double mutants.
3, a wild-type allele-specific reverse primer 5-GAAGGACTGGTGGIf Robo1 and Robo2 are the sole sensors of Slit repel-
TTTTGAG-3, and a mutant allele-specific reverse primer 5-CCTlents on commissural axons, we expect the double mu-
CCGCAAACTCCTATTTC-3. PCR was carried out using the sametant phenotype to look identical to the Slit1;Slit2;Slit3
protocol previously described (Plump et al., 2002).
triple mutant phenotype. However, if another Slit recep-
tor is present, the double mutant phenotype might look
Immunohistochemistrylike the sum of the two single mutant phenotypes, which
Embryos were fixed overnight at 4C in 4% paraformaldehyde (PFA)/
would be significantly less severe than what is observed phosphate-buffered saline (PBS), washed with PBS, incubated in
in the Slit1;Slit2;Slit3 triple mutants. Unfortunately, due 30% sucrose/PBS overnight, and embedded in OCT. Cryostat sec-
to the proximity of Robo1 and Robo2 on the same chro- tions (20 m) were collected on Superfrost Plus slides (Fisher) and
kept at –80C. Slides were blocked in PHT (PBS, 1% heat-inactivatedmosome (1.8 Mb), this double mutant animal has proven
goat serum, 0.1% Triton X-100) for 1 hr at room temperature (RT),difficult to generate.
incubated overnight at 4C with the primary antibody diluted in PHT,
washed 3 times for 15 min at RT in PHT, incubated for 1 hr at RT
Midline Axon Guidance in Vertebrates with the fluorescently labeled secondary antibody diluted in PHT,
and Drosophila washed 3 times for 15 min at RT in PHT, and coverslip-mounted
using Fluoromount G mounting media (Fisher). The TAG-1 (cloneIn this study, we have provided evidence that Slit repel-
4D7, dilution 1:200), Neurofilament (clone 2H3, dilution 1:200) mono-lents in the floor plate act through Robo1 and Robo2 to
clonal antibodies were obtained from the Developmental Studiesguide commissural axons in the spinal cord. However,
Hybridoma Bank (University of Iowa). The rabbit polyclonal Robo1despite the severity of the Slit1;Slit2;Slit3 triple mutant
and Robo2 antibodies (used at 5 ng/ml and 10 ng/ml, respectively)
phenotype, a significant number of commissural axons were generated using Fc-tagged Robo ectodomains as antigens.
are observed that exhibit no obvious axon guidance The rat monoclonal L1 antibody (dilution 1:200) was from Chemicon.
A minimum of 4 sections per embryo, and usually 5–7, were exam-phenotype. This is in contrast to what has previously
Midline Guidance Defects in Slit Triple Mutants
223
ined. Unless otherwise indicated, the phenotypes observed were suggest possible roles for Slit in the formation and maintenance of
the nervous system. Brain Res. Mol. Brain Res. 62, 175–186.the same in all the sections through each embryo.
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In Situ Hybridization Huber, L.A., Technau, G.M., and Dickson, B.J. (2002). Comm sorts
Fluorescent in situ hybridization of mouse spinal cords was carried robo to control axon guidance at the Drosophila midline. Cell 110,
out as described in the TSA plus protocol (Perkin Elmer). 415–427.
Kidd, T., Brose, K., Mitchell, K.J., Fetter, R.D., Tessier-Lavigne, M.,
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